Chronic fatigue syndrome is a medically unexplained ailment characterized by new onset of fatigue accompanied by rheumatological, infectious, and neuropsychiatric symptoms. Because the ailment often begins suddenly with a flu-like presentation, early pathophysiological ideas as to cause included viral infection and immune activation. When early reports identified putative immunological abnormalities in this illness, it was given the name of chronic fatigue and immune dysfunction syndrome, or CFIDS.
Chronic fatigue syndrome is a medically unexplained ailment characterized by new onset of fatigue accompanied by rheumatological, infectious, and neuropsychiatric symptoms. Because the ailment often begins suddenly with a flu-like presentation, early pathophysiological ideas as to cause included viral infection and immune activation. When early reports identified putative immunological abnormalities in this illness, it was given the name of chronic fatigue and immune dysfunction syndrome, or CFIDS.
The purpose of this review is to evaluate the immunological literature to determine if strong evidence to support this notion exists. We collected and reviewed 239 published papers, of which only 72 fulfilled a set of criteria for use in this review. For this review, we developed the following criteria: papers had to be published in the peer review literature; patients had to be from a group with substantial fatigue lasting at least 6 months (the vast majority fulfilled either the 1988 [21] or the 1994 [13] case definition of chronic fatigue syndrome [CFS] ); papers had to compare CFS patients to healthy controls; and actual data had to be shown with evidence of testing for statistical significance. So, for example, when a paper reported no difference between patients and controls for some immunological variables but actual data were not included, we did not include it. Also, if a report compared patient data to normative values rather than to the study's own control group, we did not include it.
The numbers of immunologically active cells and immunologically active substances such as cytokines reported in the literature have mushroomed in the past decade. To keep this review manageable, we are reporting scientific papers only on those variables for which either consistent or inconsistent abnormalities were reported by more than one group. We did not review papers reporting immunological variables to be within normal limits but have listed those studies in which more than one group found such results in a table. We have chosen not to list those variables reported abnormal in only one study because those results have not yet been replicated. When inconsistent results among laboratories were found for any immunological variable, we reviewed the methods described in those papers in an effort to identify reasons for such discrepancies.
Note: when a group published more than one paper and it was apparent that the two studies used many if not all of the patients whose data are in the second paper, we chose to include only the more recent paper or the one with the largest number of subjects. To provide several examples, Tirelli published two papers, the first with 205 subjects and the second with 265 patients (66, 67) . When data from one variable appeared in both papers, we included data from only the latter. Our own group has published three papers using different statistical methods and making different comparisons when reviewing lymphocyte populations. Thus, we used the one paper that controlled for multiple comparisons (74) , except in those situations where variables not included in that paper were published elsewhere. Table 1 lists those immune variables that were found to be normal in at least two studies.
INCONSISTENT IMMUNE MARKERS
Lymphocyte subsets studied by flow cytometry in cases of CFS developing sporadically. (i) CD2 cells. Ten papers reported data on total numbers of CD2 cells (or of total lymphocytes), with one reporting decreases (38) , a second reporting decreases for women only (59) , and a third reporting an increase in those CD2-labeled cells bearing the activation marker CD26 (26) ; the remaining seven showed no differences compared to controls (10, 16, 37, 40, 65, 66, 74) .
(ii) CD3 cells. Concerning CD3 cells (i.e., total T cells), seven studies found no differences in the total numbers of these cells (10, 16, 18, 37, 66, 69, 74) while one noted a decrease (38) and another noted a similar decrease but for women only (59) . When data for this marker were expressed as percentages of total lymphocyte count, one reported a decrease (64) and the remaining nine studies done showed no differences (16, 18, 29, 39, 41, 55, 59, 63, 74) .
(iii) CD4 cells. Concerning CD4 cells (i.e., major histocompatibility complex class II [MHC II]-restricted T cells), two studies reported abnormalities in cell counts-both showing decreases (38) , with one finding this result for women only (59); the remaining eight found no differences (10, 16, 18, 29, 37, 66, 69, 74) . One study reported decreases in percentages of CD4 cells relative to total lymphocyte count (63) , while ten studies found normal percentages (16, 18, 26, 29, 39, 41, 55, 59, 64, 74) .
(iv) CD4/CD8 ratios. Six studies have reported ratios of CD4 ϩ to CD8 ϩ cells. Three of them noted this ratio to be reduced for CFS patients relative to controls (26, 32, 63) , while the others found these ratios to be similar to those of controls (28, 29, 59) .
(v) CD4 subsets. A number of studies have evaluated MHC II-restricted T-cell subsets of CFS patients and controls. Of those examining cells expressing CD45RA (i.e., naïve T cells), three reported decreases in the percentage of total T cells bearing this marker (26, 63, 66 ) and a fourth paper reported an increase (69), while two papers reported no differences (55, 74) . Although no single study found differences in CD45RO (Table 1) , one report did note increased levels of adhesion markers on these memory T cells (63) . Three papers evaluated CD4 cells for the CD54 marker (intercellular adhesion molecule 1), with two papers finding the percentages of these cells to be increased (16, 66) and one finding them to be at normal levels (63) . Of those papers reporting data on the percentage of CD4 cells bearing the HLA-DR activation marker, one reported an increase (38) and five found no difference from controls (18, 29, 37, 55, 63) .
(vi) CD8 cells. Eleven papers evaluated absolute numbers of CD8 cells (i.e., MHC-I-restricted T cells), and 10 evaluated these cells as percentages of total T-cell counts. Of the former group of studies, two reported finding decreases (38, 60) , with the rest finding normal results (10, 16, 18, 29, 37, 59, 66, 69, 74) . Of the latter set of studies, one reported an increase (26) while the rest found no differences (16, 18, 29, 39, 55, 59, 63, 64, 74) .
(vii) CD8 subsets. A number of studies also assessed CD8 cells for the percentage expressing the CD45RA and CD45RO markers. The National Institutes of Health group found normal values for the former (Table 1) but increased values for the latter marker (63) , results that two other groups did not find (18, 55) . One activation marker on CD8 cells which has been studied is the CD28 marker; one study reported the percentage of CD8 cells bearing this marker to be reduced (18) , and two others found it to be at normal levels (65, 74) . A landmark paper in the Lancet indicated abnormal numbers of three activation markers on these CD8 cells (29) . A series of papers followed this report. Of those papers reporting data on the percentage of CD8 cells bearing the HLA-DR activation marker (either percentage of CD8 cells or some measure of expression of the subset of cells), three reported increases (26, 29, 38) , with six finding no differences from controls (18, 37, 55, 63, 65, 74) . Of those additional papers reporting the percentage of all MHC I-restricted T cells bearing the CD38 marker, one reported an increase (29) while five found the percentages to be normal (18, 55, 62, 65, 74) . Finally, five papers did a similar determination for CD11b Ϫ : two reported decreases (29, 65) and one reported increase (55) , with the remaining finding no differences (63, 74) .
(viii) B cells. Of 11 studies done quantifying the CD19, CD20, or CD21 markers for B cells, two showed increases (26, 66) , with the rest showing no differences from controls (10, 16, 18, 29, 39, 59, 63, 69, 74) .
(ix) NK cells. A number of different cell surface markers have been counted to evaluate NK cell number. For the CD3 Ϫ / CD56 ϩ cells, two studies reported decreases (16, 39) and one reported increases (26) , with the remaining three showing normal results (2, 49, 63) . For the six reports of CD3-/CD16 ϩ cell count, three reported decreases (16, 39, 66) , with the others all being normal (18, 32, 63) . Five papers examined the CD3 Ϫ (CD16 ϩ and CD56 ϩ ) cell population: one noted increases (55) , and the remaining found no difference from controls (29, 63, 69, 74) .
(x) Monocytes. One group reported the percentage of these cells in whole blood to be increased (3), while four other groups found no difference between patients and controls (28, 40, 59, 69) . Two groups have evaluated the presence of HLA-DR on monocytes: one group noted it to be decreased (57), while another group found it to be at control levels (10) .
Lymphocyte subsets studied by flow cytometry in cases of CFS developing in a quasiepidemic pattern. In one study comparing Gulf veterans with CFS to healthy Gulf veterans (74) , both numbers and percentages of CD3 and MHC-II T cells were elevated in the patient group and patients had a lower percentage of CD3 Ϫ (CD16 ϩ and CD56 ϩ ) NK cells than controls. In contrast, Levine et al. found no differences in these cells in a small cluster of patients that occurred in a women's residential facility (31) .
White blood cell function studied in cases of CFS developing sporadically. (i) T-cell function. Three studies evaluated T-cell function via skin testing. While one group reported decreases in delayed hypersensitivity skin reaction to injection of common antigens (38) , two others did not (40, 61) . Of those studies evaluating in vitro peripheral blood mononuclear cell (indicated below by an asterisk) or T-cell function in response to various lymphocyte stimulants, five showed decreases (10, 26, 38, 57, 63) , one showed increases (24) , and seven showed no differences (2, 10,* 16,* 18, 40, 41, 59). The reader should note that one group reported increases in some variables, decreases in others, and no change in yet others (10); moreover, one group reported no significant differences between patients and controls when phytohemagglutinin, concanavalin A, or poke weed antigen were the stimulants but did find significantly lower activity in CFS patients when soluble antigens such as tetanus toxoid were used (16) .
(ii) NK cell activity. This was the first variable for which the majority of studies showed significant decreases, seven studies having this result (2, 26, 32, 39, 49, 50, 60) and one finding no differences (40) .
(iii) Phagocytic activity of monocytes. One group reported a decrease in the phagocytosis index of CFS patients (57), while another group found phagocytized opsonized activity to be normal (2). Immunoglobulins and other substances with immunological activity studied in cases of CFS developing sporadically. (i) IgG. One study reported that total immunoglobulin G (IgG) was increased (3), while one study reported it to be decreased (72); in contrast, six studies reported normal levels (16, 38, 40, 41, 47, 58) . In studies of IgG1, two reports noted decreases (38, 47) while three reports noted levels to be normal (4a, 16, 58) . For IgG2, one study noted levels to be reduced (72) while five found levels to be at control levels (4, 16, 38, 47, 58) . For IgG3, two reports noted decreases (47, 72) while four noted levels to be normal (4, 16, 38, 58) ; however, the Australian group did find that CFS patients had elevated IgG3 levels significantly more often than controls (38) .
(ii) IgE. IgE levels were measured in four studies, with one reporting reductions (58) and all the others finding normal results (1, 40, 47) . One study reported a significantly higher rate of IgE-directed radioallergosorbent test positivity in patients than in controls (12) .
(iii) IgA. One study reported decreases in IgA (58) but attributed this to abnormally high control values consistent with their being no difference in IgA. Four other studies found this variable to be normal (3, 38, 40, 47) .
(iv) Immune complexes. One study reported CFS patients to have increased amounts of immune complexes in the blood (3), whereas a second one did not (47) . A third study found no difference in the percentage of patients showing these abnormalities relative to controls (40) (v) Antinuclear antibodies. A number of papers have reported that CFS patients have a higher rate of autoantibody positivity than controls (3, 27, 48) . However, a follow-up report using data from a number of CFS centers did not find similar differences between patients and controls (M. Sugiura, D. Daniels, D. Buchwald, A. Komaroff, M. Hossein, M. Peakman, S. Wessely, B. Natelson, I. Hay, P. Levine, and E. M. Tan, Abstr. Fifth Int. Conf. Am. Assoc. Chronic Fatigue Syndr., abstr. 36, p. 46, 2001) . One other group found no evidence for increased rates of autoantibody positivity, but the size of the sample studied was very small (58) .
(vi) Neopterin. One study reported levels to be elevated relative to controls (9), but four others reported levels to be no different from control levels (6, 34, 36, 53) .
(vii) Beta microglobulin. Two studies reported increases (8, 52) , while two reported levels to be normal (6, 9) .
INCONSISTENT PERIPHERAL BLOOD LEVELS OF CYTOKINES OR THEIR RECEPTORS

Peripheral blood levels of cytokines or their receptors studied in cases of CFS developing sporadically. (i) IL-1␤.
One group noted that the significant monthly fluctuation in interleukin 1␤ (IL-1␤) occurring in healthy women was not seen with CFS patients (7). However, when this variable was assessed without considering mensal variability, no significant differences were found (5, 10, 34, 35, 53, 62) .
(ii) IL-1 Ra. One group reported receptor antagonist IL-1 Ra to be increased in women during the follicular but not in the luteal phase of their menstrual cycle (7), while three other studies that did not consider mensal variability found no increases (51, 58, 65) .
(iii) IL-2. One study found IL-2 to be at higher levels than controls (11), but four others did not (10, 53, 62, 74) .
(iv) IL-6. One group reported increases in IL-6 between CFS and controls (14) in 33% of a CFS group but not in controls (9) . However, the latter group in a later report (10) plus seven others (6, 8, 34, 40, 53, 56, 74) found levels to be normal.
(v) IL-10. One group reported decreases in IL-10 (5), but one found levels to be normal (74) .
(vi) IFN-␣. One study reported increases (71) in alpha interferon (IFN-␣), while four others found no differences between groups (5, 34, 35, 62) .
(vii) Transforming growth factor ␤. One study reported increases in transforming growth factor ␤ (4), while two reported levels to be normal (40, 65) .
(viii) TNF-␣. Three groups reported increases in tumor necrosis factor alpha (TNF-␣) (5, 46, 51), while a fourth group noted increases in monocytes but not lymphocytes in cell culture (14) . In contrast, four groups reported levels to be normal (10, 35, 62, 74) .
(ix) TNF-␤. One group reported TNF-␤ to be increased relative to controls (53) , while a second group found levels of this cytokine to be at control levels (58) .
INCONSISTENT LEVELS OF SOLUBLE MEDIATORS, CYTOKINES, OR THEIR RECEPTORS FROM BLOOD FOLLOWING IN VITRO STIMULATION Soluble mediators and cytokines or their receptors from blood studied following in vitro stimulation in cases of CFS developing sporadically. (i)
One group reported decreases in sCD8, a soluble marker of lymphocyte activation (40) , while two others reported it to be normal compared to controls (34, 53) .
(ii) IL-1␤. One group noted IL-1␤ to be increased (10), while a second group noted this variable to be decreased (65) , and a third found it to be at control levels (40) . A fourth group reported total IL-1 levels to be at control levels (45) .
(iii) IL-2. One group reported increases in IL-2 cytokine (58), while three groups found amounts of this cytokine to be at control levels (10, 40, 70) .
(iv) IL-6. Two groups reported IL-6 to be increased compared to controls (8, 10) , while two groups found this cytokine to be at normal levels (14, 58) . However, Gupta et al. did a follow-up study in which they reported this variable to be higher in CFS patients when fatigued than when rested (15) .
(v) IL-10. Visser and coworkers reported IL-10 to be increased (69) and normal (70) , while another group reported it to be decreased (14) .
(vi) IFN-␥. One group noted IFN-␥ to be higher in patients following activation (58) , while one group reported it to be decreased (26) and three groups found this cytokine to be at control levels (42, 44, 68) ; however, while Visser et al. did not find differences in overall production, they did note that the production of IFN-␥ by CD4 cells was decreased.
(vii) TNF-␣. One group noted TNF-␣ to be increased in stimulated cells of CFS patients (10) , and one group reported it to be decreased (65) . Five groups found that levels of this cytokine did not differ significantly from controls (14, 24, 40, 58, 69) . 
DISCUSSION
The overriding result of this review is the remarkable inconsistency of results for each of the immunological parameters that were reported by the various laboratories. There was no single marker in which more than one laboratory reported consistent abnormalities. Moreover, of all the variables studied, we found only three for which the majority of studies reported abnormalities relative to controls. These were antinuclear antibody positivity, NK cell function, and the percentage of lymphocytes bearing the CD4 and CD45RA cell surface markers. The first of these is interesting in that at least 15% of CFS patients exhibit antinuclear antibody titers, whereas these are much less commonly found in healthy controls (3) . Although a recent abstract from the La Jolla group and other participating centers (Sugiura et al., Abstr. Fifth Int. Conf. Am. Assoc. Chronic Fatigue Syndr., 2001) indicated that such results were not consistently found when patients and controls from the same geographical area were compared, the results still suggest that a small percentage of CFS patients may have a form of mild autoimmune disease. Exactly which autoantibodies to test for to identify this subgroup of patients remains an important research question.
Considering the NK cell activity results, the critical question is whether the reported abnormalities reflect an effect of some underlying pathophysiological process involved in CFS (i.e., actual immune dysfunction) or represent epiphenomena specific to CFS. A number of variables in the characteristics of patients are known to reduce NK cell activity. These include age (33), cigarette smoking (43), stress (19) , lesser fitness levels of patients relative to those of controls (20) , presence of depression (22) , and disrupted sleep (23) . Unfortunately, none of the seven studies reporting decreased NK cell function assessed or controlled for these variables. Another possible reason for discrepancies among studies could be the time elapsed between sampling and the time of NK cell function testing. If one waits over 18 h to test fresh cells, NK cell activity can decrease by as much as 20% (73) .
A number of major reasons could possibly contribute to the variability of results of the other immune variables studied. These fall within the following categories: methodological issues, issues related to the populations studied, and statistical issues.
Methodological issues are broad. First, circadian rhythms are known to exist for lymphocyte subsets, including numbers of NK cells (30) . If samples were collected from patients at one time of day and from controls at another time of day, as could happen, such a systematic difference could explain results suggesting significant differences between groups. Since two of the studies reporting diminished NK cell activity sampled patients and controls within a narrow time window (39, 50) , circadian factors cannot totally explain the decreases reported in NK cell function; however, using restricted sampling to reduce variability is obviously important. In addition, Cannon et al. (7) have shown that certain immune variables are sensitive to the menstrual cycle. No other group controlled for menstrual cyclicity in its study.
Next, methodological differences from an immunological or assay-related perspective might exist. Klimas notes that NK cell activity can be artificially lower if separated mononuclear cell fractions, rather than whole blood, are assessed for activity (25) . However, since this group used whole blood and did find reductions in NK cell activity, this concern is probably not important. Similarly, results are thought to be most reliable when patient and control samples are tested for NK cell activity in parallel with multiple (e.g., four) effector-to-target ratios. Indeed, four of the groups reporting diminished NK cell activity did this (2, 26, 32, 50) . Another possible source of variability in NK cell numbers could be whether cells were counted when fresh or after a period of cryopreservation (for an example, see reference 63). Some cell surface markers, including those expressed on NK cells, are cryosensitive (54) . However, these methodological differences cannot be critical in explaining the discrepancies, because one study in which differences between CFS patients and controls in NK cell number were found counted fresh cells within a few hours of collection (66) . One surprise is that it is rare for a published paper to note that samples were counted or assayed with the laboratory staff blinded to the identity of the samples and groups.
Another possible contribution to the observed variability involved the cell populations studied. First, NK activity is a function of which NK cell populations are in the circulation. CD3
Ϫ /CD56 ϩ cells are those with the highest NK cell activity. While NK cell numbers were not consistently low for CFS patients, Masuda et al. did report decreases in NK cells expressing this specific phenotype (39) , and such a decrease would explain their report of decreased NK cell activity. Another immunological variable which could reduce NK cell activity is low levels of IFN-␥ in the blood, as was reported by Klimas et al. to occur in CFS (26) . However, similar reductions in specific NK cell populations or in IFN-␥ levels have not been consistently reported by other research groups.
There are also issues related to the patient and comparison control subjects that could lead to discrepancies in immunological results across laboratories. Concerning patients, there are three important variables that are often used to stratify the entire CFS sample into subgroups: presence or absence of Axis I psychopathology, illness severity, and whether illness onset was sudden or gradual. Mawle et al. examined illness onset and concluded that it had no influence on NK cell activity (40) . However, in other work, Mawle and our group (74) did find small differences in a few other immune parameters between CFS patients stratified based on illness onset. When illness severity was evaluated, one group found that NK cell activity decreased as illness severity increased (50) , and another group reported greater IL-6 production when patients were symptomatic than when they were not (15) . Besides these few reports, our group appears to be the only one to have evaluated the other stratifying variables, and no further differences from controls were found after evaluating any of these subgroups.
Another critical difference is if the patients are drawn from the civilian population or from Gulf veterans. We found some immunological differences in veterans but not in civilians; the apparent reason for this was significantly less variability in the results obtained from veterans relative to the civilians (74) . This could possibly be due to the similarity of the veteran population with respect to age, education, social background, history of immunizations, etc. Concerning the control population, one critical factor would be to try to match controls to patients based on either fitness or activity. To our knowledge, 750 MINIREVIEWS CLIN. DIAGN. LAB. IMMUNOL.
our group was the only one to do this (74) . Finally, decreases in NK cell function are not rare in healthy people: over 14% have consistently reduced NK cell function, and these reductions are seen mostly in young people reporting significant stress in their lives (33) . Finally, choice of statistical analyses is critical in determining the significance of a set of immunological results. If a group compares 20 different immunological parameters between patients and controls, at least one could turn out to be statistically significant merely by chance. The possibility of investigators finding a difference which is not really there has attracted little attention in the clinical immunological literature related to CFS. In fact, attention to the problem of multiple comparisons for statistically significant differences was the exception and not the rule. Another option that is now available is the use of a "neural nets" approach. This methodology provides data on a pattern of immunological parameters that differentiates the target population from the comparison population; we have done a preliminary study using this methodology in our work with CFS (17) .
In summary, any further studies seeking to identify immunological abnormalities in CFS patients require careful attention to methodological issues. First, efforts should be made to reduce the heterogeneity of the patient sample; alternatively, large sample sizes are required in order to evaluate the importance of subgroups within the overall CFS population. Similarly, efforts must be made to reduce any potential major differences between patients and controls in areas such as the level of fitness and the presence of psychiatric disorders. Next, samples should be coded and, perhaps, provided as split samples to evaluate within-assay variability in a laboratory. Finally, appropriate statistical methods are required if differences between patients and controls are done on more than one immunological parameter. Our conclusion is that the available evidence does not support chronic fatigue syndrome as being due to any consistent immunological dysfunction. Until that evidence is better documented, we believe that the term "chronic fatigue syndrome" is preferable to the older "chronic fatigue and immune dysfunction syndrome."
